It is generally accepted that the presynaptic cell determines the types of plasticity that are expressed by its synaptic terminals. This view is largely due to the demonstration that many forms of synaptic plasticity are known to be the result of changes in the release properties of the presynaptic terminal. For example, the presynaptic natures of short-term facilitation and depression were demonstrated using quanta1 analysis, both peripherally (Del Castillo and Katz, 1954; Mallart and Martin, 1968; Wernig, 1972; Zucker, 1973) and centrally (Hess et al., 1987; Lin and Faber, 1988) . Similar techniques were used to determine the presynaptic nature of changes associated with long-term facilitation (Wojtowicz and Atwood, 1986; Dale et al., 1988) and long-term potentiation (Malinow and Tsien, 1990; Malinow, 1991 ; but see Manabe et al., 1992) . A growing body of evidence, however, supports the possibility that the postsynaptic cell may regulate the release properties of the presynaptic terminals that contact it. A retrograde determination of presynaptic release properties was originally sug-gested to occur at the crayfish neuromuscular junction (NMJ) (Atwood and Bittner, 197 1; Frank 1973) . Frank (1973) showed that facilitation differed at the terminals ofa single motor neuron (MN) on different muscle fibers. Knowing that facilitation was a presynaptic phenomenon in that system, Frank hypothesized that individual muscle fibers determined the release properties of their presynaptic partners. A similar phenomenon has been proposed to exist in the CNS, at the sensory-motor synapses of the leech (Muller and Nicholls, 1974) and, more recently, at the Ia-MN synapses in cat spinal cord (Koerber and Mendell, 199 1) .
The cricket cereal sensory system provides unusually good resolution for the investigation of synaptic function within the CNS. The cereal sensory system consists of a population of sensory neurons (SNs) that project into the terminal abdominal ganglion, where they synapse with wind-sensitive interneurons (Bacon and Murphey, 1984; Shepherd et al., 1988) . It is possible to identify uniquely and record from individual SNs while simultaneously recording from one or two identified postsynaptic interneurons. This allows us to characterize the population of SNs synapsing on identified postsynaptic cells, as well as examining single SNs that simultaneously contact two postsynaptic cells. In addition, favorable electrogeometry provides the resolution needed to perform a quanta1 analysis at these central synapses. Finally, the development of these SNs is well characterized, so we know the age and characteristic amplitude of each synaptic contact studied (Chiba et al., 1988) . Taking advantage of these strengths, we present strong evidence for the presence of a retrograde influence on the release properties of presynaptic terminals at a central synapse.
Materials and Methods
Animals. Crickets (Acheta domesticus) were obtained from Flukers Cricket Farm (Baton Rouge, LA) between the first and third instars. Animals were kept in groups and reared to the adult stage at 29°C on a 12: 12 hr light/dark schedule. Animals were provided dog food and distilled water ad libitum. Unless otherwise specified, female crickets between 6 and 24 hr after adult eclosion were used. Physiological methods. Specimens were anesthetized on ice for 30-90 min prior to dissection. All experiments were performed at 18-20°C.
The preparation consisted of the isolated abdomen described by Shepherd and Murphey (1986) . Intracellular recordings were made from the soma of intemeuron 10-3 and the large ventromedial dendrite of medial giant intemeurons (MGIs) (Fig. 1 ). Electrodes were filled with 2 M potassium acetate and had resistances of 30-50 MR. Interneurons MGI and 10-3 were identified by their characteristic position and response properties to sound (Bacon and Murphey, 1984) . Initially, the dendrite of MGI was identified by placing a second electrode in MGI's soma. Once the position and response properties recorded from the dendrite were familiar to the experimenter, the MGI could be recognized from the dendritic recording alone. -Retrograde Determination of Facilitation
The activity of the SN was recorded extracellularly, using methods similar to those of Bacon and Murphey (1984) . An identified sensory hair was cut to approximately one-third its length and a saline-filled micropipette was placed over the hair (Fig. 1) . The spontaneous activity of the SN could be blocked by passing hyperpolarizing current through the recording pipette. The SN could be stimulated reliably at frequencies as high as 200 Hz by passing short, 100-200 psec, depolarizing current pulses through the recording pipette. All data were recorded in bridge mode using either an Axoclamp (Axon Instruments) or Getting (Getting Instruments) microelectrode amplifier.
In characterizing the short-term plasticity of identified synapses, two stimulation paradigms were used: (1) bursts of 10 stimuli delivered at 4-120 Hz, each burst separated by a minimum of 30 set, and (2) pairs of stimuli delivered with an interstimulus interval (ISI) of 8-250 msec, each pair separated by a 5-l 5 set intertrial interval (ITI).
Data collection. Data were collected and stored to disk using either a Nicolet series 440 digital storage oscilloscope or PCLAMP data acquisition software with a Tl-1 analoa-to-digital interface (Axon Instruments). EPSPs were measured manuall; withihe cursor option of the Nicolkt oscilloscope or the cursor option of pcLAh+p software. All data collection and analysis, including all off-line signal averaging, were done using PCLAMP software.
Quanta1 analysis. We sampled and stored as many EPSPs as each preparation permitted, with a minimum sample size of 500 EPSPs. A paired-pulse paradigm was used to examine facilitation in MGI as described above, except with IT1 of 250 msec. This short ITI reduced transmitter release as a result of synaptic depression. In addition, transmission was reduced by replacing normal saline (5 mM Ca2+, 0 mM Mg2+ ) with a low-Ca*+ saline (0 mM Ca2+, 40 mM Mg2+ ). Under these conditions a high rate of failure was observed, and a significant pairedpulse facilitation was still present. In 10-3, homosynaptic depression was dramatically reduced under conditions of low release, and therefore analysis of depression in 10-3 was done under normal ionic conditions and an IT1 of 1 sec. In all cases, data were analyzed over regions of stable transmitter release, as determined by comparing sequential averages of 100 consecutive EPSPs (Dale et al., 1988) .
We measured all individual EPSPs by hand using the cursor option of ~CLAMP software. Identification of evoked EPSPs for measurement was based on the latency of the EPSP following the stimulus artifact. A signal average for regions of 100-300 EPSPs was used as a template to determine the average latency of EPSP initiation and the approximate time-to-peak EPSP amplitude. Individual traces were then measured from the time of EPSP initiation, determined from the average EPSP latency, to the peak amplitude occurring in the region of the template peak amplitude. Measurements that fell into the distribution of presumed failures in the amplitude histograms were signal averaged to determine if any time-locked events existed in these traces. Under conditions of low release it was assumed that the number of quanta released followed a Poisson distribution.
An estimate of the mean quanta1 content (m) was therefore obtained by a failure analysis where m was determined by examining the ratio of failures (n,) to the total number of trials (N). An estimate of m was calculated as m = In N/n,. The mean quanta1 amplitude (q) was then determined from q = Elm, where E is the average EPSP amplitude (Martin, 1966) .
Results soma of 10-3 had a slightly slower rise time and a slower decay rate (Fig. 1D ) because of the electrotonic distance from the synapse. As a result of this moderate electrotonic filtering, EPSP amplitudes recorded in 1 O-3 were biased toward smaller values.
Synaptic plasticity of synapses on MGI and IO-3 We examined the modulation of synaptic transmission during repetitive stimulation and observed a striking difference in the properties of synaptic transmission at these two interneurons; the SN synapses on MGI facilitate while SN synapses on 10-3 depress ( Fig. 2A,B) . To examine short-term synaptic modulation we delivered stimulus trains of 10 pulses to the SNs at 100 Hz. The EPSPs recorded in MGI facilitated, whereas EPSPs recorded in 10-3 showed rapid depression (Fig. 2C) .
When stimulated at frequencies at or above 100 Hz, successive EPSPs often occurred on the falling phase of the previous stimulus (Fig. 2) . The degree to which this occurred was highly variable, depending on the rate of decay of individual EPSPs. Throughout this study EPSPs were measured from the site of EPSP initiation (arrows in Fig. 2A2,B2 ) to the peak of the EPSP. This method tended to underestimate synaptic facilitation and overestimate synaptic depression (Fig. 2A2,B2 ), but did not significantly affect the difference between facilitating and depressing synapses, reported below.
We further characterized the properties of transmission at these two interneurons by stimulating the SNs over a range of frequencies from 4-l 20 Hz using paired-pulse stimulation. SNs were stimulated with two pulses separated by ISIS ranging from 8 to 250 msec (Fig. 3A,B ). This range of stimulus frequencies was well within the physiological range of SN firing frequencies . We were limited to stimulation rates below 120 Hz because at higher frequencies the stimulus artifact obscured the peak of the evoked EPSP. Figure 3C represents the frequency response characteristics of five separate SNs: 1 e, 2c, and 3c recorded in 1 O-3 and 3c, 5a, and 7a recorded in MGI. Each point on the graph is the average of 20-30 stimulus pairs and the lines connect data from individual SNs recorded in a single preparation. Stimulation at low frequencies (4-20 Hz) caused moderate synaptic depression at both MGI and 1 O-3. However, stimulation at 100 Hz and above caused facilitation at the synapses recorded from MGI, but caused pronounced depression at synapses recorded from 10-3 (Fig. 3C) .
We examined a population of identified synapses on each interneuron in order to determine whether the population of synapses on each target interneuron had the same response characteristics. We examined four SNs that contacted MGI and five SNs that contacted 10-3 during a total of 33 recordings. Each synaptic recording was examined at 100 Hz. The mean modulation index (mean fractional change in EPSP amplitude) was then determined for each recording. It was clear that nearly all the synaptic contacts recorded at MGI facilitate at this frequency, while nearly all the contacts at 10-3 show synaptic depression (Fig. 4) .
Identijication of individual SNs and their target interneurons

Individual
SNs were identified by the stereotypic length and location of their associated filiform sensory receptor . The activity of individual SNs was precisely controlled by placing a large-diameter electrode over the cut end of a sensory hair and passing current through the hollow shaft of the hair. Unitary EPSPs were recorded from the large ventromedial dendrite of MGI, near the site of synaptic input or from the soma of 10-3, which was also electrotonically close to the site of synaptic input (Fig. 1B) . The EPSPs recorded from these intemeurons in response to spontaneous activity in the SN occurred with a short and constant latency (Fig. 1C) . Previous work demonstrated that these connections were monosynaptic (Shepherd and Murphey, 1986) . Recordings from the The characteristic EPSP amplitude, determined as the average initial EPSP amplitude, varied for these synapses but was not related to the expression of facilitation or depression. The observed range of mean EPSP amplitudes recorded in MGI was 1 .O-5.0 mV and nearly every synapse showed facilitation. Similarly, the observed EPSP amplitudes at 10-3 ranged from 0.80 to 3.40 mV and nearly every synapse showed synaptic depression (Fig. 4) . Furthermore, we found no significant correlation between the degree of either facilitation or depression and the intemeurons, MGI and 10-3, and the axonal projection of one of the SN studied here. An electrode placed over the cut end of a hollow filiform hair recorded SN action potentials. Each filiform hair and its associated SN were individually identifiable. Each SN was given a number that corresponds to its instar of birth and an arbitrary letter to distinguish SNs born in the same instar . SNs 2c and 3c, examined in this study, contact both MGI and 10-3 in the region suggested by the diagram. Although shown as separate for clarity, the terminals of the SNs that contact both MGI and 10-3 are a continuum. Intracellular recording electrodes were placed in the large ventromedial dendrite of MGI and the cell soma of lo-3. The recording site in the ventromedial dendrite of MGI was very near the site ofsynaptic input. Note that the small dendrites of 1 O-3 ipsilateral to the soma, which receive input from the SNs examined in this study, were also electrotonically close to the somatic recording site. C, Sample recordings from MGI (Cl, upper truce) and 10-3 (C2, upper truce) in response to spontaneous activity of a presynaptic liliform SN (lower truces). Each SN action potential was followed by an EPSP in the intemeuron with a short and constant latency. D. Signal averaged EPSPs (N = 10) recorded in the dendrite of MGI and soma of 10-3 during stimulation of a single SN, in different preparations. These traces were superimposed (MGI + lo-3), demonstrating the slower rise time of EPSPs recorded in the soma of lo-3. The stimulus artifacts have been indicated by asterisks and have been removed from the superimposed traces for clarity. Stimulus Number ( 1 OOHz) Figure 2 . The plasticity of synapses on MGI and 10-3. AI, Average EPSPs recorded from the ventromedial dendrite of MGI during stimulation of SN 5a in bursts of 10 stimuli at 100 Hz (average of 10 trials). The average EPSP amplitude facilitates dramatically during the first five stimuli, and is then followed by a slow return toward baseline. A2, The first two averaged EPSPs of Al are shown at higher sweep speed to show the latency and onset of EPSP initiation.
EPSPs are measured from the time of initiation (arrows) to the peak of the EPSP. This method tended to underestimate facilitation since the second EPSP often rides on the falling phase of the previous EPSP. The stimulus artifacts are labeled (*). Bl, A signal averaged recording from the soma of 10-3 in response to stimulation of hair 2c at 100 Hz. Synaptic depression is evident during the first two or three stimuli followed by a plateau of stable transmission. B2, EPSPs are measured as in A2. This method tended to overestimate depression when the second EPSP occurred on the falling phase of the first EPSP. C, Quantified data for the trials shown in A and B. Each point is the average of 10 trials of 10 pulses, delivered at 100 Hz. The average EPSP amplitudes on the y-axis are normalized to the first EPSP amplitude and are expressed as the average fractional change in EPSP amplitude, where fractional change is calculated as (EPSPn -EPSPl/EPSPl).
The x-axis represents the stimulus number in the train. delivered at 100 Hz. mean initial EPSP amplitude in these adult specimens.
In summary, all of the afferent synapses on a given interneuron had similar properties, in spite of the differences in the mean amplitude of the first EPSP (Table 1 ). Evidence for a postsynaptic regulation of presynaptic release properties Because the properties of the synapse were correlated with the postsynaptic cell, we hypothesized that the short-term plasticity of these synapses was being specified locally, at the synapses, by a retrograde signal from the postsynaptic interneuron. To test this idea we examined the synapses of SNs 2c and 3c, each of which contact both MGI and IO-3 (Fig. 54) . Much of the data for this experiment was collected in eighth instar animals where strong synaptic contacts were made by these SNs on both MGI and 10-3. By the adult stage the contact from SN 2c to MGI had been eliminated during a process of synaptic rearrangement (Chiba et al., 1988) . The synapses of single SNs simultaneously facilitated on MGI and depressed on 10-3. This is illustrated by representative simultaneous recordings from one SN and both interneurons (Fig. 5B) . The mean facilitation indices show that single SNs are consistently capable of showing facilitation at one postsynaptic neuron, MGI, and depression at another postsynaptic neuron, 10-3 (Fig. 5C) . The difference in facilitation indices was significant in seven of eight preparations (Fig. 5C ). It should be noted that the difference in modulation indices using the two pulse method was an underestimation of the actual difference in release properties at the two interneurons since facilitation in MGI develops to a maximum after the first three to five stimuli (Fig. 2) . The demonstration that single SNs facilitated on one target and simultaneously depressed at another target provides strong evidence for the hypothesis that presynaptic release properties are determined locally, at the synapses, possibly by an interaction with the postsynaptic target cell. Facilitation is classically understood to be presynaptic, based primarily on quanta1 analysis (Del Castillo and Katz, 1954; Mallart and Martin, 1968; Wemig, 1972; Zucker, 1973) . We therefore carried out a quanta1 analysis to demonstrate that facilitation is a presynaptic phenomenon at these central synapses.
The SN-to-MGI recording arrangement was well suited for quanta1 analysis at a central synapse. We were able to stimulate a single identified afferent reliably and EPSPs were recorded from the large ventromedial dendrite of MGI, very near the site of synaptic input. The EPSPs recorded in the dendrite of MGI were large and fast rising, and provided enough resolution to discriminate the failures from the unitary responses in the frequency histograms (Fig. 6A,B ). In order to increase the failure rate of evoked EPSPs, so that a failure analysis could be applied, release was reduced by replacing the normal saline (5 mM Ca*+, 0 mM Mg2+) with 0 mM Ca*+, 40 mM Mg 2+ saline. Thirty minutes in this saline was often required before a substantial reduction in EPSP amplitude was seen. Even under these ionic conditions, however, the syn- apses were rarely seen to fail. Therefore, to increase further the rate of failures, paired stimuli were delivered to the SN at 100 Hz, separated by an IT1 of 250 msec. The short ITI further depressed transmission, causing an increase in the failure rate, and facilitation was still observed. A minimum of 500 EPSPs were then analyzed for each preparation. These data were analyzed only over periods where transmission had reached a sta-
MGI
.75 mV I.-5ms ble "plateau region," determined by comparing the averages of consecutive groups of 100 EPSPs. Amplitude histograms were constructed for the first and second stimulus-evoked EPSPs (Fig. 6AJ) . Examination of the histograms demonstrated that the failures were clearly separated from the next peak in the histogram. When consecutive presumed failures were signal averaged, smaller time-locked release EPSP Amplitude Figure 6 . Quanta1 analysis supports a presynaptic mechanism for facilitation at the SN 3c to MCI synapse. EPSPs collected for quanta1 analysis in MCI are recorded during a period of constant transmission. To reduce transmission so that frequent failures to release transmitter are observed, paired stimuli at 100 Hz are delivered with a short IT1 of 2.50 msec that depresses transmitter release. All recordings are made in saline containing 0 mM Ca*+, 40 mM Mg2+ to reduce transmitter release further. A, Amplitude histogram for the initial EPSPs (EPSPI). B, Amplitude histogram for facilitated second EPSPs (EPSPZ). In A and B, failures are distributed about zero and represent the initial peak in the histograms. Failures are clearly separated from the successive peaks in the histograms (arrowheads Z, II, and III). The number of failures (n,) decreased dramatically for the second EPSPs. The number of trials (M is 837 for EPSPl and 830 for EPSPZ. A total of 900 naired stimuli were collected. of which a small number were discarded during measurement due to large spontaneous events which obscured the EPSP. Differences in the total number of discarded measurements account for the slight discrepancy in N between the two histograms. When the m and the q are calculated by the failure method, m increased for the EPSP2 distribution, from 0.55 to 1.39, while q remained constant, from 0.25 to 0.22. Cl is the average of 20 consecutive presumed failures during the first stimulus (EPSPI). The average does not reveal a smaller time-locked event. C2 is the average of 200 consecutive traces spanning the 20 traces averaged in Cl. C3 shows the averages of Cl and C2 superimposed. The superimposed traces demonstrate that the average second EPSP, following failure of EPSPl (Cl), is the same size as the average facilitated EPSP2 during trials where release occurred on the first trial (C2). A second potential, of unknown origin, appears in these averaged traces after EPSPZ. This potential was highly variable. When it appeared it always occurred well after EPSPZ and therefore did not affect our measurements. events were not revealed (Fig. 6CI) , indicating that no smaller m can account for all of the increase in EPSP amplitude (Table  release event existed. 2). The increase in m was accompanied by a constant q of 0.25 Comparison of the two histograms (Fig. 6A,B) demonstrated mV and 0.22 mV, as calculated by q = E/m, where E is the that the number offailures decreased in the second EPSPs. When average EPSP amplitude. In addition, the prediction of q by this the m was calculated by the failure method for the first and method agreed well with the value of q suggested by the sepasecond EPSPs, it increased from 0.55 to 1.39. This increase in ration of peaks in the amplitude histograms (0.23 mV). Values histogram for the second, depressed, EPSPs of the stimulus pairs (EPSPZ). Note the shift to the left in the histogram of second EPSPs. The average EPSP amplitude drops dramatically from 1.24 mV for EPSPl to 0.74 mV for EPSP2. However, the position of the histogram peaks (arrowheads Z-VIZ) and the interpeak interval remain constant in A and B, indicating that q remains constant. A total of 600 paired stimuli were collected, of which a small fraction were discarded during measurement due to large spontaneous events that obscured measurement of the EPSP. This accounts for the discrepancy between the number of trials (N) represented in each histogram. For EPSPl N = 545 and for EPSP2 N = 523. for m and q calculated for two other preparations in which sufficient data were obtained are presented in Table 2 . In two of these preparations, the values for m increased for the second EPSP while q remained constant. In the remaining preparation, the levels of release were high and very few failures were observed in the facilitated second EPSPs. We therefore were unable to estimate m and q by the failure method. However, the number of failures clearly decreased in the EPSP2 distribution. In summary, these data supported a presynaptic mechanism for facilitation at the SN-to-MGI synapses.
One requirement of failure analysis is the ability to identify properly "true" failures to release transmitter in response to a presynaptic action potential. Misinterpretation could result if the smallest release events are inappropriately grouped as failures (Korn and Faber, 199 1). A decrease in failures, such as that seen in the second EPSP distribution (Fig. 6B) , could then be caused by an increase in q rather than an increase in m. We discount this possibility for two reasons. First, averaging successive failures did not reveal a time-locked potential that would indicate a smaller release event that we have failed to detect (Fig. 6B) . Second, the failures are clearly separated from the next peak in the histogram, by an interval equivalent to the calculated q.
Another possibility is that the failures we observe represent failure to stimulate the SN to fire an action potential, rather than failure of the SN to release transmitter. We were not able to visualize the afferent action potential because it was obscured by the stimulus artifact at the SN soma recording site. Furthermore, "en passant" recording of SN action potential was difficult due to spontaneous activity in the cereal nerve. However, we are confident that the responses grouped in the first peak of the histogram represent "true" failures of release, and not failure to activate the SN, for the following reason. The averaged second EPSPs on those trials where release failed on the first stimulus is the same amplitude as the average facilitated second EPSP when release did occur on the first trial (Fig. 6C) . This indicates that the averaged failures of the first EPSPs are true failures to release transmitter since facilitation requires that the terminal be invaded by an action potential. If failed first EPSPs had been due to failure of the action potential to invade the SN terminals, then the average second EPSP should have been closer to the size of the average first EPSP when release did occur. The result that facilitation occurs following failure of the first EPSP (Fig. 6C) is independent evidence that facilitation is presynaptic. It demonstrates that facilitation occurs even when the postsynaptic cell has not been exposed to transmitter on the previous pulse, and therefore demonstrates that facilitation occurs without involvement of the postsynaptic cell.
Depression.
Quanta1 analysis of depression was necessary to confirm that the differences in facilitation and depression at the terminals of a single cell reflected differences in presynaptic release properties. We recorded EPSPs from the soma of 10-3, which is electrotonically close to the site of synaptic input of SN 2c and 3c (Fig. 1A) . This favorable electrogeometry allowed us to record clear, fast rising EPSPs and, as a result, successive peaks in the amplitude histograms were clearly visible (Fig. 7) .
The twin-pulse paradigm was again used to induce synaptic depression. However, significant depression was not observed under the conditions of low transmitter release described above for the analysis of facilitation (a low-Ca2+, high-Mg2+ saline and high-frequency ITI). Therefore, a failure analysis could not be applied to the synapses of 10-3. However, under normal ionic conditions it was possible to discriminate quanta1 variation in the amplitude of evoked EPSPs in 10-3. EPSPs were collected under normal ionic conditions with an 8 msec IS1 and 1 set ITI. EPSPs were analyzed only during periods of stable transmission.
When the first and second EPSP amplitude histograms were compared, a clearly defined interpeak interval of 0.25 mV was maintained from the first to the second EPSPs, while the average EPSP amplitude decreased from 1.3 1 mV to 0.60 mV (Fig. 7) . The constant q suggested by the constant interpeak interval supported the conclusion that depression was a presynaptic process reflecting a reduction in the m. This result was consistent for two synapses at which enough data were obtained for analysis. These data supported the hypothesis that the properties of depression at the SN-to-1 O-3 synapses is a presynaptic process.
Discussion
Three main results support the hypothesis that, in the cricket cereal sensory system, facilitation and depression are determined locally at the synapse, through an interaction with the postsynaptic cell (Fig. 8) . First, we show through quanta1 analysis that facilitation and depression at central synapses are both presynaptic phenomena. Second, single SNs are capable of making synapses that facilitate on one postsynaptic neuron and simultaneously depress on another postsynaptic neuron. Third, the population of SNs that synapse with a given interneuron all exhibit similar properties of facilitation or depression.
Quanta1 analysis at a central synapse Facilitation is presynaptic. A demonstration that facilitation in the cricket is presynaptic is essential to the hypothesis that the postsynaptic cell determines the release properties of the presynaptic terminal. Facilitation has been shown, through quanta1 analysis, to be a presynaptic phenomenon at both central (Kuno, 1964; Hess et al., 1987; Lin and Faber, 1988) and peripheral (Del Castillo and Katz, 1954; Mallart and Martin, 1968; Wemig, 1972; Zucker, 1973) synapses.
Quanta1 analysis at central synapses is difficult because it is impossible to recognize spontaneous miniature end-plate potentials belonging to the synapse under study (for review, see Korn and Faber, 199 1) . This is also true for the cricket CNS. However, we are able to achieve unusually good resolution by recording from the large dendrites of MGI, very near the site of synaptic input while stimulating a single SN. This allows us to resolve peaks clearly in the histograms of EPSP amplitudes (Fig. 6A) . In addition, failures of transmission are readily detected because the unit amplitude is well above the noise level (Fig. 6C) . Therefore, if we assume a Poisson distribution for EPSP collected under conditions of low release, we can estimate the m and the q by analysis of the probability of failures.
The quanta1 analysis of paired-pulse facilitation in MGI clearly supports a presynaptic mechanism for short-term facilitation. The average EPSP amplitude increased for the second EPSPs, while the number of failures decreased. When m was calculated by the failure method, m increased for the second EPSPs while q remained constant (Table 2 ). This was true at two of three synapses for which this analysis was done. In the third preparation, the number of failures was reduced to near zero in the second EPSPs and therefore estimates of m and q could not be made by the failure method. However, the facilitated EPSP . A retrograde cue from MGI regulates the release properties of its presynaptic terminals to express facilitation. We hypothesize that during development the SNs of the cricket have as their default option the ability to make synapses that express homosynaptic depression (d). MGI and other similar intemeurons are able to modify their presynaptic terminals through a retrograde signal (arrow) to express facilitation (f). Therefore, a single SN is capable of making synapses that simultaneously facilitate on MGI and depress on 1 O-3.
amplitude was accompanied by a decrease in failures, as would be expected for a presynaptic mechanism of facilitation.
Finally, the result that facilitation of the second EPSP occurs in trials where the first EPSP fails is further evidence that facilitation is presynaptic (Fig. 6C) . Facilitation develops even when the postsynaptic cell has not been exposed to transmitter released on the first stimulus. Therefore, postsynaptic mechanisms for paired-pulse facilitation such as an increased receptor sensitivity or increased postsynaptic input resistance can be discounted.
Synaptic depression is presynaptic. Depression has been shown to be presynaptic based on a quanta1 analysis of transmission, both peripherally (Del Castillo and Katz, 1954) and centrally (Castellucci and Kandel, 1974; Kom et al., 1984) . In order to support our hypothesis that synaptic release properties are determined at the synapse, it is necessary to show that depression is also presynaptic, and not a property of the postsynaptic cell that could mask the presence of presynaptic facilitation.
A failure analysis of depression at the synapses on 10-3 was not possible because depression was greatly reduced under conditions of low release. However, when paired-pulse depression was examined under normal release conditions (normal saline, stimulation rate of 1 Hz), the data were consistent with a presynaptic mechanism for depression. The average EPSP amplitude decreased dramatically for the second EPSPs, while the q, estimated as the mean separation between successive peaks in the amplitude histogram, remained constant (Fig. 7) .
Evidence for postsynaptic regulation of presynaptic plasticity Since single SNs are capable of facilitation at one target, MGI, and depression at another target, 10-3 (Fig. 5) , and since facilitation and depression are presynaptic processes, the terminals from a single SN must have different release properties on MGI and 10-3. It seems likely, therefore, that the release properties The presence of a retrograde cue was further suggested by the observation that all the SN contacts examined at MGI facilitated,, while all those at 10-3 depressed. If a retrograde cue, originating from the postsynaptic cell, was capable of modifying presynaptic terminals, then all the synapses on that cell should be similarly affected. We demonstrated that an identified SN always facilitated on MGI and that a sample of SNs of different ages that contact MGI all facilitated. The same was true for synapses showing depression at 10-3 (Fig. 4, Table 1 ).
Based on these observations, we hypothesize that synapses in the cereal system have as their default option the ability to express synaptic depression, and that a retrograde cue from MGI, and other similar interneurons, is required to modify presynaptic terminals to express facilitation (Fig. 8) . The majority of SN connections in the cricket and locust systems, including some.filiform SNs examined here and campaniform SNs in cricket (Killian and Murphey, 1992) and locust (N. Emptage, personal communication), show homosynaptic depression. In contrast, the sensory synapses on MGI and some sensory synapses in the moth (Weeks and Jacobs, 1987) are unusual in their ability to facilitate. We suggest that the synapses on MGI have been modified by an interaction with the postsynaptic cell to express facilitation (Fig. 8, arrow) . The possibility that facilitation may be "added" to a synapse is supported by studies where the development of synaptic plasticity has been tracked through development. In these studies, young synapses exhibit homosynaptic depression, and frequency-dependent facilitation and potentiation emerge as separate processes later in development (Ohmori et al., 198 1; Rayport and Camardo, 1984; Pawson and Chase, 1988) .
The presence of a postsynaptically derived cue that determines the properties of facilitation was originally suggested for the PNS, at the lobster NMJ. It was shown that MNs expressed different levels of facilitation on different muscle fibers (Atwood and Bittner, 1971; Frank, 1973) . Frank demonstrated that facilitation at these synapses was a presynaptic phenomenon and therefore proposed that the postsynaptic cells retrogradely determined the levels of facilitation expressed by the presynaptic terminals (Frank, 1973) .
It has also been suggested that a retrograde control of facilitation occurs at central synapses. In the leech sensory-to-MN synapses, different levels of facilitation were expressed by a single SN on different target MNs (Muller and Nicholls, 1974) . In the cat, it was demonstrated that single Ia afferents were capable of making synapses that facilitated on some target cells and depressed on others (Koerber and Mendell, 199 1) . The analysis at both these central synapses, however, does not show that the different plasticities at the terminals of a single SN represent presynaptic difference in transmitter release properties.
Potential mechanisms for a retrograde determination of presynaptic facilitation There are at least two general mechanisms by which postsynaptic cells might modulate the function of presynaptic cells. Presynaptic terminals might receive a signal at the time of synaptogenesis and be immediately irreversibly modified for the life of the synapse. Alternatively, the postsynaptic cell may continually regulate the properties of synaptic plasticity expressed by the presynaptic terminals (Frank, 1973) . We favor the latter possibility because cereal sensory synapses are being continually rearranged during development (Chiba et al., 1988) . Since these synapses are being continually made and broken, we presume that the synaptic constituents and properties must be constantly "updated." A variation on this idea in hemimetabolous insects is that the synapses are intermittently adjusted. Each time the animal molts, a variety ofwell-characterized hormonal cues lead to the shedding of the old cuticle and the production of a new cuticle, as well as addition of a new subset of receptors (Gnazy and Roper, 1980; Levine and Truman, 1982) . It is possible that the effects of a retrograde message may be limited to some critical time during these hormonal surges.
The nature of the retrograde message is unknown but proposed retrograde signals in other systems suggest the types of signaling that may be involved. Retrograde signals that affect properties of the presynaptic cell can include membrane or matrix bound molecules, as well as diffusible molecules released from the target cell or tissue (for review, see Landis, 1990) . A potential retrograde messenger that has received considerable attention is nitric oxide (NO) (for review, see Brendt and Snyder, 1992; Fazeli, 1992) . In the hippocampus it is thought that emission of NO from the postsynaptic cell can modulate the release properties of presynaptic terminals (Ode11 et al., 199 1) . NO may act on a number of processes in the presynaptic terminal, including stimulation of soluble guanylate cyclase and ADP-ribosyltransferase, which may in turn modulate the presynaptic release mechanism (Ode11 et al., 199 1) .
Numerous properties of the presynaptic terminal could be altered to modulate presynaptic facilitation. Since facilitation is generally thought to be a calcium-dependent phenomena of the presynaptic terminal (Katz and Miledi, 1968; Rahamimoff, 1968; Zucker, 1973) any component of the presynaptic terminal affecting presynaptic calcium levels would also be a potential target for the proposed retrograde message. Ca2+ influx, and therefore intraterminal Ca2+ levels, could be altered by modulating presynaptic, voltage-sensitive, Ca2+ channels directly, or by changing the shape of the presynaptic action potential by modulating voltage-sensitive K+ channels (Keyser and Alger, 1990; Fazeli, 1992) . Aspects of the Ca*+-coupled transmitter release mechanism may also be a target for a retrograde message affecting presynaptic release properties (Zoran et al., 199 1) .
Structural differences in the synapses might also be induced by the retrograde message. At the lobster NMJ, the terminals of a single MN showed facilitation on one target muscle and depression at another target muscle (Katz et al., 1993) . The terminals that showed facilitation had fewer presynaptic dense bars and fewer instances of multiple dense bars at a single terminal than did the terminals from the same MN that showed synaptic depression. In the CNS, synapses on pyramidal cells that depress have a higher density of vesicular clustering at active zones when compared to synapses that show facilitation. This clustering may prevent the residual calcium accumulation responsible for facilitation (Bower and Haberly, 1986) .
Functional signijicance of postsynaptic control of presynaptic plasticity A retrograde control of presynaptic release properties may have evolved in cases where it was necessary for the postsynaptic cell to receive homogeneous input from a number of presynaptic cells. At the lobster NMJ, Frank proposed that individual muscle fibers determine the degree of presynaptic facilitation, there-by matching excitation<ontraction coupling properties of the fiber to presynaptic input (Frank, 1973) . A similar postsynaptic control of facilitation was proposed in leech to control the sequential recruitment of identified MNs. In this case, the highly facilitating synapses first recruited one MN controlling annulus erection, and then the poorly facilitating synapses recruited another MN that controlled shortening of the animal. A single SN thus controlled the sequential emergence of two behaviors (Muller and Nicholls, 1974 ; also see discussion, Koerber and Mendell, 199 1) .
In the cricket cereal system, MGI and 10-3 have different response properties. MGI responds phasically while 10-3 responds tonically to a given sensory stimulus Chiba et al., 1992) . It is thought that MGI encodes phasic sensory information while 10-3 encodes tonic information.
Recent work shows that the response properties ofintemeurons MGI and 1 O-3 remain constant throughout postembryonicdevelopment (Kanou et al., 1988; Chiba et al., 1992) . This is true despite the continual addition of synapses from new SNs to MGI with each instar, and the systematic rearrangement of SNs from MGI to 10-3 as SNs increase in age (Chiba et al., 1988; Kanou et al,, 1988) . The ability of the postsynaptic intemeuron to determine retrogradely the properties of presynaptic release could function to maintain the properties of the postsynaptic cell as phasic or tonic.
The presence of such retrograde cues in systems as different as the crustacean NMJ, cricket sensory synapses, and cat Ia-MN synapses suggests that this may represent a general mechanism for controlling the development and function of synaptic circuits.
